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Abstract

Elephants have shown remarkable olfactory capabilities. Their sense of smell impacts their
foraging choices, behavior, and ultimately, survival. Being able to detect a target odor can allow
elephants to locate specific resources, identify threats, and find receptive conspecifics. Previous
studies have shown that elephants can consistently detect target odors, but have not identified the
limits of this detection. Thus, to investigate the extent of elephants’ odor detection capabilities,
we tested Asian elephants in a two-step odor discrimination task. First, we investigated whether
elephants could detect odors at varying levels of dilution after a training procedure, and then
whether they could still do so when the odors on which they had been trained were masked with
a common environmental odor. We found that elephants could reliably detect the target odor in
successive dilutions down to 0.01% concentration by volume. The addition of a complex odor
background (i.e., a masking odor) had no significant impact on the elephant’s ability to detect the
target odor or the dilution limit at which they could do so. This research builds upon our
understanding of the elephant’s olfactory sense and contributes to knowledge of sensory systems
that are functionally different from our own. By further exploring the elephant’s sensory
systems, we can gain a deeper understanding of their perceptual world, their behavior, and how
their evolution has shaped their capacity to adapt to their natural environment.
Keywords: Asian elephant, olfaction, sensitivity, discrimination
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Introduction

The Asian elephant (Elephas maximus) is one of the last remaining megafauna species on
the planet and is currently distributed across 14 range countries in Asia (Fernando and Pastorini,
2011). Recent counts estimate that there are only approximately 50,000 individuals left across all
Asian range countries (Menon and Tiwari, 2019). These estimations may be inaccurate as it is
likely we only know the location of some populations, and estimating populations in dense
forests can be difficult (Blake and Hedges, 2004). Within their ranges, Asian elephants are
geographically limited to south of the Himalayas, in fragmented forests, scattered reserves,
jungles, or isolated islands (Blake and Hedges, 2004). Within those ecosystems, they are found
in grasslands, dry/moist deciduous forests, dry thorn forests, scrublands, tropical evergreen
forests, and cultivated areas (Baskaran et al., 2010; Das, 2021). Whether in grasslands, forests, or
cultivated areas, Asian elephants are a dominant feature of the ecosystem.
Asian elephants are superior seed dispersers and ecosystem engineers (Cochrane, 2003;
Haynes, 2012). Elephants can retain seeds inside of their gut for days at a time and disperse them
over a kilometer from where they were consumed (Campos-Arceiz et al., 2008). Asian elephants
are mixed feeders with a diet that alternates between a browse-dominated selection during the
dry season and a grass-dominated selection during the wet season (Sukumar, 1990). Wild Asian
elephants will eat over a hundred species of plants, with legumes, grasses, sedges, and palms
accounting for the majority of their diet (Sukumar, 1990). Diet composition not only changes
throughout the year, but it also varies by geographical location (Baskaran et al., 2010; Chen et
al., 2006). In Sri Lanka, elephants consumed plants from forty-one different botanical families
that included a large proportion of the total plants found in the local ecosystem (McKay, 1973).
By contrast, Bornean elephants were found to consume plants from fifteen botanical families,
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which reflect a low proportion of the overall local plant diversity (English et al., 2014).
Regardless of regionality, wild Asian elephants typically spend over seventeen hours a day
consuming over 150 kilograms of fresh, wet weight vegetation (Vancuylenberg, 1977).
To process this large volume of food, elephants have a voluminous hindgut fermentation
chamber (Shoshani, 1982), and the fermentation of plants in this chamber provides elephants
with their primary energy source (Stevens and Hume, 1998). The factor that influences an
elephant’s decision to consume or reject a plant is the plant’s current life stage and its palatability
as it is conveyed through its senses (Sukumar, 1990). In our case, palatability reflects an
underlying biological need for a nutrient as predicted by the sensory properties of the ingested
plant (Cabanac, 1971, 1989; Yeomans et al., 2004). Studies have found that an herbivore’s
behavior within a food patch is affected by the palatability of neighboring plants (Hambäck et
al., 2014) and the degree of detectability of the plant to the herbivore (Hahn and Orrock, 2016;
Stutz et al., 2016). Fresh, softer grass is likely more palatable not only for its higher carbohydrate
content (Field, 1976), but also its non-abrasive, relatively tender structure (Field, 1971). Whether
an elephant is opportunistically consuming vegetation, or selectively foraging, specific decisions
regarding when to start, stop, or switch foraging techniques could be informed by sensory
perception (Castellano and Cermelli, 2015; Senft et al., 1987).
Perception through the senses allows us to interact with and gather information from the
world and contributes to our capacity for decision making (Cahen and Tacca, 2013). Sensory
perception is the input of information for cognition, and often divided into four modalities:
auditory, chemosensory, tactile, and visual. Elephants have access to a suite of information
across these modalities (for a review, see Jacobson and Plotnik, 2020), although decisions
regarding food are likely based on olfaction (McArthur et al. 2019; Plotnik et al., 2014; Schmitt
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et al., 2018). The experimental evidence of food decisions being related to olfaction is supported
by the unique specialization and diversity of the Asian elephant’s olfactory system.
The elephant’s primary olfactory system involves air traveling up the trunk where it is
warmed and sent up the nasal cavity into an impressive set of ducts that facilitate transmission to
the olfactory bulb (Rasmussen, 2006). Nonvolatile chemical signals that can be found among
other olfactory cues in urine, feces, and temporal secretions can be delivered to the elephant’s
secondary olfactory system, the vomeronasal system (Johnson and Rasmussen, 2002). The
vomeronasal system is situated on the roof of the oral cavity and can be accessed by direct
contact via the tip of the trunk in a flehmen response (Rasmussen and Munger, 1996). Both
systems contain neural receptor cells that are stimulated and transform an odor into a
neurological signal that is sent to the amygdala (Rasmussen and Hultgren, 1990).
Asian elephants have a sensory system that is characterized by the size and development
of their olfactory bulb and the pyriform lobe in the brain that has been theorized to be involved
with complex olfactory functions (Sobel et al., 1998). This system is supported by complex
features such as gyrated striae, exposed ventral surfaces, and curved pathways, which interact
with the frontal and temporal lobes in unique manners, unlike lesser analogous structures found
in humans (Shoshani et al., 2006). This could explain why elephants have the most genes
dedicated to olfaction, with 2,000 olfactory receptor genes supporting this complex system
(Niimura et al., 2014). This advanced olfactory system could provide the infrastructure necessary
for more complex olfactory-based decision making in elephants (Shoshani et al., 2006). By
analyzing elephant olfactory abilities, we can better understand a sensory system that is
structurally and functionally different from our own.
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When analyzing olfactory capabilities, there are two different components to assess:
sensitivity and discrimination. Olfactory sensitivity is measured by determining the lowest
concentration of an odorant that a subject can detect (Van Gemert, 2003). Sensitivity can be
determined by training a subject to detect a specific compound, then comparing their positive
detection at different concentrations, or by starting with a concentration that is easily detected
and diluting the compound until it is no longer detectable. Olfactory discrimination is the ability
to respond differentially to the successive presentation of nonidentical odorants (Hedner et al.,
2010). Discrimination is determined experimentally by training a subject to detect a specific
compound, then having them indicate when the compound is present or not. These two
components go hand-in-hand and complement each other. Sensitivity allows an organism to
perceive a certain stimulus, such as detecting a compound in a food item. Discrimination allows
the organism to recognize that stimulus in a complex environment. If we cannot perceive a
stimulus, then we are unable to discriminate it. Conversely, if we are unable to discriminate a
stimulus, then what is the use of perceiving it?
Olfactory sensitivity in humans has been reported for >3,000 different odorants. There
are far fewer thresholds reported for other animals, with the maximum being 81 odorants tested
in spider monkeys (Ateles geoffroyi) who could discriminate odors at 1,000 parts per million
(ppm) (Laska et al., 2004). Humans could detect odorants between 10,000 and 1,000 ppm
(Laska, 2012; Van Gemert, 2003), mice (Mus musculus) have experimentally discriminated
between odors diluted to 0.03 ppm (Can Güven and Laska, 2012), and fruit bats (Phyllostomus
discolor) have shown discrimination at 100,000 ppm (Laska, 1990). To date, only 17 different
species have had olfactory sensitivity to specific odorants experimentally tested by the above
techniques, and elephants were not included (Laska, 2017). Due to the lack of olfactory
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sensitivity tests for elephants, studies that focused on olfactory discrimination inherently relied
on the subject being able to detect the target odor. A discrimination test that shows elephants can
differentiate between two odorants at a 1:1 ratio (Arvidsson et al., 2012) focuses on
discrimination alone. If a test for discrimination at 1:1, 1:10 and 1:100 ratios showed successful
discrimination, then positive sensitivity from 1:1 through 1:100 ratios is inferred.
Studies of olfactory discrimination in humans primarily utilize monomolecular odorants
to investigate correlations between structure and perceived quantities or complex odor
environments of industrial use such as perfumes, wines, body care products. In comparison, nonhuman animal studies typically explore discrimination of naturally occurring, behaviorally
relevant odors such as food items, reproductive signals, or predator cues (Laska, 2017). Because
of this contrast, there are few studies that directly compare the olfactory discrimination capacities
of humans and other species.
Olfactory discrimination tests have shown that Asian elephants can discriminate between
12 structurally similar odor pairs (Rizanovic et al., 2012), can identify where food is hidden
using olfactory information alone (Plotnik et al., 2014) and can discriminate between different
quantities of food (Plotnik et al., 2019). African elephants have been shown to successfully
detect TNT in the presence of distractor odors (Miller et al., 2015), classify human ethnic groups
based on olfactory information (Bates et al., 2007) identify different predators based on their
odors (Valenta et al., 2021), and exhibit varied responses to other elephants that are in
differential reproductive states based on odor cues (Rasmussen and Wittemyer, 2002; HollisterSmith et al., 2008; Rasmussen et al., 2002).
Beyond the quantifiable measures of sensitivity and discrimination, qualitative measures
can be used to assess how the olfactory system is utilized as well. Multiple qualitative olfactory
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studies have supported the notion that elephants use olfactory cues for social communication and
food selection, and that their sense of smell may play an important role in the expression of their
behavior (Arvidsson et al., 2012; Hollister-Smith et al., 2008; McArthur et al., 2019; Plotnik et
al., 2014, 2019; Rasmussen and Wittemyer 2002; Schmitt et al., 2018, 2020). These studies rely
on the elephants being able to detect and discriminate between target odors and the surrounding
odor environment. Experiments have been performed with both African and Asian elephants,
although studies comparing the two have yet to be performed. This could be due, in part, to the
logistical constraints of studying extreme megafauna that live on different continents.
Recent genomic studies have established that African and Asian elephants genetically
diverged 4.2-9 Million Years Ago (MYA) (Figure 1). Since then, African populations have split
into the extant savanna elephants (Loxodonta africana) and forest elephants (Loxodonta
cyclotis), while Eurasian populations diverged into the extant Asian elephant (Elephas maximus)
Figure 1
Modern phylogenetic tree of the Elephantidae family.
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and extinct Mammoth (Mammuthus primigenius) (Rohland, 2010). The three extant species of
elephants can all have their ancestry traced back to the Loxodonta-Eurasian divergence.
While forest elephants have yet to be tested in experimental cognitive tasks, savanna and
Asian elephants have performed well on a variety of different tasks thus far (Dale and Plotnik,
2014; Foerder et al., 2001; Irie-Sugumoto et al., 2008; Mizuno et al., 2016; Plotnik et al., 2006,
2011, 2014, 2017, 2019). It is likely that similarities in cognition between these elephant species
are due to common ancestry (Papini, 2002; Shettleworth, 2009; Shoshani and Tassy, 2005),
while similarities in cognition between elephants and other evolutionarily distant taxa (e.g.,
corvids and great apes) are likely due to convergent cognitive evolution (Emery and Clayton,
2004; Greggor, 202; Marino, 2002). Research on the latter has increased exponentially within the
past two decades (Bryne et al., 2009; Emery and Clayton, 2004; Plotnik and Clayton, 2015), and
suggests that similarities in cognition likely evolved in animals such as elephants, dolphins,
corvids and great apes due to similarities in physical and social environmental pressures.
Remarkably, little research has been done comparing either the sensory or cognitive capacities
within the elephant taxa, making it difficult to detail impacts on those systems since the taxa’s
divergence ~4.2-9 MYA. These comparisons are important because they not only enable us to
further investigate elephant taxa, but they could allow us to investigate the conservation or
divergence of sensory or cognitive capacities in species that are as closely related as humans and
chimpanzees (Horai et al., 1992; Ruvolo, 1997; Takahata et al., 1995). Asian elephants, forest
elephants, and savanna elephants live on different continents, in drastically different
environments (Blake et al., 2008; Maisels et al., 2013; Sukumar, 2003, 2006; Western and
Lindsay, 1984), and comparison of cognitive and sensory abilities could provide evidence for the
evolution of these abilities in part due to differences in the environment in which they live.
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The current research focuses on Asian elephants, although it was done as part of a larger
study comparing olfactory capabilities between Asian elephants and savanna elephants. To date,
research has not yet explored the elephants’ ability to detect or discriminate discreet odors within
complex olfactory environments in detail (McArthur et al., 2019), nor have studies been done to
determine the elephants’ capacity for identifying odors at varying levels of dilution. Such work
would provide a deeper understanding of the elephant’s olfactory capacity, as well as contribute
to elephant cognition testing in general. Without knowledge about how well elephants can smell,
future results that rely on an elephant’s sensory perception in the investigation of cognition could
be misinterpreted, particularly when an elephant’s failure on a task could be due to a failure to
detect an odor rather than a lack of cognitive capacity.
For the first time, we set out to determine the sensitivity of Asian elephants’ olfactory
systems and the limit of their olfactory detection capabilities. We used two odor-based
experiments in which we initially tested for an Asian elephant’s ability to detect a trained
stimulus in dilute concentrations, then we explored their ability to detect the same compound in a
complex odor environment. The first experiment aims to determine a limit for olfactory detection
under controlled conditions, and the second experiment tests this limit under conditions more
ecologically similar to what an elephant would encounter in the wild (McArthur et al., 2019;
Schmitt et al., 2020). In this experiment, we will test the elephants’ capacity to detect
concentrations from 10% concentration by volume to 0.0005%. The range of concentrations was
based on previous research that has shown elephants can successfully detect and discriminate a
target odor from 100% concentration by volume down to 1% (Arvidsson et al., 2012; Rizvanovic
et al., 2012). Within these experiments, I will test two hypotheses:
Hypotheses
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Detection threshold (Experiment 1)
Asian elephants will have a sensitivity limit to their olfactory capabilities between 10%
concentration by volume and 0.0005%.
Detection in complex environments (Experiment 2)
Based on the complexity of an Asian elephant’s olfactory system, we hypothesize that if
a limit is detected in Experiment 1, it will stay the same for any limit detected in Experiment 2.
This hypothesis is supported by previous research showcasing elephants successfully
discriminating preferred plants in a complex odor background. If results support our hypothesis
for experiment 2, this could speak to the acuity of an Asian elephant’s olfactory abilities. If
results do not support the hypothesis for experiment 2, this could represent a potential
enhancement or dampening effect that additional odors have on an elephant’s detection abilities.
To complement previous research on elephant olfaction (e.g., McArthur et al., 2019;
Plotnik et al., 2013, 2014, 2019; Schmitt et al., 2018, 2020) we aimed to determine the olfactory
capabilities of Asian elephants, with respect to their abilities to detect differing emissions of cis3-Hexenyl acetate, (C8H14O2, ≥95%, CAS 3681-71-8; Sigma-Aldrich) a common green leaf
Volatile Organic Compound (VOC) found in their normal diets in the wild (McArthur et al.,
2019; Schmitt et al., 2020). To do this, we conducted two odor-based choice experiments. In the
first experiment, we investigated the threshold detection ability of Asian elephants using serial
dilutions of cis-3-Hexenyl acetate. In the second experiment, we aimed to determine whether this
threshold varied when a masking odor was present, to mimic conditions of wild foraging in a
complex odor environment. Both experiments were run in the same manner, however an
additional odor was added to each bucket in a separate vial to act as a masking odor to increase
the complexity (noise) of the background odor for experiment 2.
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Methods

Subjects
This research took place at the Rosamond Gifford Zoo in Syracuse, NY between October
2020 – December 2020 and April 2021– July 2021. We used five resident female elephants
between 24 and 53 years old (Table 1).
Table 1

and ages of subject Asian elephants.

Names and ages of
subject Asian elephants.
Elephant name Age
Siri
Romani
Targa
Kirina
Mali

53
45
38
26
24

Ethical Approval
This research was reviewed and approved by the Hunter College IACUC (JPCategorization Elephants 3/22).
Training
The goal of training was to have the Asian elephants sniff two containers, then displace a
secondary lid to indicate their choice as to the container containing the target odor. The buckets
were 6.15L plastic totes, measuring 29.2 cm x 21.5 cm x 16.5 cm with latching lids. The lids had
either 18 holes drilled into the top to allow airflow, or no holes for control purposes. Holes were
drilled in a rectangular grid across a 120 cm2 portion of the lid. The buckets were secured to a
rolling table by nesting them inside a second bucket that was bolted to the rolling table.
We modified the procedure of Plotnik et al. (2019), which involved a sliding table that
was presented to the elephants without a barrier between them, for the current study (Plotnik et
al., 2013; 2014 were earlier iterations of a similar procedure). As this was the Syracuse
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elephants’ first experience with behavioral choice experiments, we decided to present the table to
the elephants through the walls of their enclosure (Figure 2). The elephants were first trained to
reach their trunk through their enclosure and sniff one box on the table. The behavior was
eventually shaped to include sniffing the contents of each box, allowing the table to be retracted,
and then displacing the lid on the bucket of their choosing. The elephants were then rewarded for
choosing the perforated bucket containing the plant extract.
Figure 2
Experimental setup of the rolling table

Note. Panels (A) and (B) depict the testing setup conducted with Asian elephants and panel (C)
depicts an example of an elephant displacing a lid and making their choice.
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To teach the elephants the contingencies of a behavioral choice experiment, they were
initially trained to detect a food item in one of the buckets. The interior of the buckets were
coated with black tape, to occlude any visual cues regarding their contents. Sliced bread was
placed in one of the buckets, and both buckets were presented to the elephants. When the
elephants chose the bucket containing the bread ≥8/10 times in two consecutive sessions, they
moved onto training to detect the target odor, cis-3-Hexenyl acetate. Chemical detection training
consisted of the same training setup, although the buckets were transparent, visually identical,
and contained either a vial of 15% cis-3-Hexenyl acetate, or an empty vial. Once the elephants
successfully chose the bucket containing the cis-3-Hexenyl acetate ≥8/10 times, in three
consecutive sessions, they moved on to experimental trials. The training provided an opportunity
for the elephants to learn the task procedure (i.e., that both buckets could be investigated but only
one could subsequently be chosen) and for us to be confident the elephants could locate a 15%
concentrated solution before we tested them on more diluted solutions.
Testing Procedure
The Asian elephants were tested using the same basic experimental setup for both
experiments. Similar to other choice experiments (Plotnik et al., 2014, 2019; Schmitt et al., 2018,
McArthur et al., 2019), we presented the elephants with a binomial choice using buckets in
which either the target odor or control odor was placed (and, in the case of experiment 2, hidden
behind a masking odor). To ensure that each elephant did not observe the experimental set-up
during trials, a zookeeper instructed the elephants to face away (180°) from the testing arena.
Once the vials holding the target and control odors (and masking odor in the case of experiment
2) were placed inside each bin, the bins were arranged side-by-side on a table. The elephant was
then instructed to turn, face forward, and to “smell” the bins. At this point, the elephant stepped
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up to the bins and placed her trunk on each perforated lid and inhaled the odors from each
bucket. Each elephant was able to smell or touch each bucket when presented with the sliding
table. The elephants had 10 seconds to touch and smell both buckets. If the elephants smelled
both buckets within 10 seconds, the table was then withdrawn at the 10-second mark and represented after three seconds so that the elephants could make a choice.
Once the buckets were re-presented to the elephant, she indicated which bucket contained
the target odor by touching or tapping on it. If the elephant correctly chose the bucket with the
target odor, she was rewarded with a food item. This procedure was repeated 8 times per
elephant per day, covering 10 different concentrations of the target odor (Table 2). If time
permitted, we tested an elephant eight times with a particular concentration in the morning, and
another eight times with a new concentration in the afternoon. The elephants had free access to
food and water before, during, and after testing.
Table 2.
Serial dilutions of (cis-3-Hexenyl acetate).
Treatment

(% target
odor)

Target
odor (ul)

Liquid
paraffin
(ul)

Total
Volume

A
B
C
D

10
5
1
0.5

500
250
50
25

4500
4750
4950
4975

5000
5000
5000
5000

E
F
G
H
I
J

0.1
0.05
0.01
0.005
0.001
0.0005

5
2.5
0.5
0.5
1
0.5

4995
4997.5
4999.5
9999.5
99999
99999.5

5000
5000
5000
10000
100000
100000

Serial dilutions of (cis-3-Hexenyl acetate).
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For our second experiment, which aimed to understand the use of olfaction during
foraging in a complex odor environment, we used 1-Nonanol (C9H20O, ≥98%, CAS 143-08-8;
Sigma-Aldrich) as a masking odor. Nonanol is commonly found in the environment but is not
something that has a known positive or negative association for the elephants. The concentration
of this odor remained at a constant 10%, which is relatively high, to determine how well each
individual could detect weaker odors when there were potentially other confounding chemicals
in the environment.
Control Procedure
The experimental setup was cleaned between every trial to ensure the elephants were not
being cued from a specific lid, bucket, or table position. The areas cleaned included the lids of
the buckets, the sides of the buckets, and the table. The experimenter used isopropyl alcohol
(C3H8O, 98%, CAS 67-63-0; Sigma-Aldrich) to clean any surface accessible to the elephant. The
isopropyl alcohol quickly evaporated before the commencement of the subsequent trial.
We also implemented separate control trials to ensure the elephants were making
decisions solely based on the availability of the target odorants. We added a series of control
trials where the contents of the buckets did not change, but the perforated lids were replaced with
solid, airtight lids. The elephants thus could still sniff the containers on the table, but could not
use odor to detect the chemicals within. Our intention was to compare performance on these
control trials with performance on test trials to see if, when only access to olfactory information
was manipulated, the elephants were still able to detect the appropriate concentration. If the
elephants’ discrimination ability remained unchanged, this would suggest that either the lids
were not airtight or the elephants were using other cues other than olfaction to choose the correct
buckets. The control trials were interspersed during experimental trials so that the elephant
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would receive one control trial for every three experimental trials. The order of trial presentation
was pseudorandomized so that the elephants would not receive either experimental or control
trials for more than three consecutive presentations on the same side. When a closed-lid control
trial was followed by an experimental trial, the experimental setup was cleaned as usual, and the
perforated lids were put back in position.
To avoid inadvertent cueing, also known as the “Clever Hans Phenomenon” (Sebeok and
Rosenthal, 1981), we instated a rigorous set of metrics to follow. I was the experimenter for
every trial and was the only individual who knew which bucket contained the target odor. The
table had two handles that I would place my hands in to ensure the same body position every
trial. I wore the same cloth facemask and mirrored sunglasses for trials. Finally, my gaze was
focused directly between the buckets so that I could not observe the entire elephant, although I
could determine which lid was displaced.
Analysis
For both experiments, the elephants were tested against 10 concentrations of the target
chemical cis-3-Hexenyl acetate 10 times each, which gave us ample power to determine whether
each individual elephant could detect the target odor at each concentration. The results from all
trials from both experiments were analyzed using generalized estimating equations (GEEs). We
treated individual elephants as the subjects for repeated measures in GEEs because of potential
non-independence of our data, which could stem from an individual’s growing experience over
repeated trials. Furthermore, GEEs use a population-level approach based on a quasi-likelihood
function, which deliver population-averaged estimates of the parameters. In addition, the
coefficients of GEE regressions are marginal effects (i.e., the effects average across all the
subjects in the data - Wang 2014). Thus, in our case, GEEs modelled the proportion of elephants
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that made the correct choice (i.e., selected the bucket with the target odor) compared to an
expected 50% distribution expected under random selection for a given choice. Our model used
an exchangeable correlation matrix and a binomial error distribution with a logit link function.
To explore whether detection varied across treatments, we used the chemical concentration
(treatment) as the independent variable, and the successful detection of the target odor as the
dependent variable. Data were collected in Microsoft Excel and modeled in IBM SPSS Statistics
for Windows, Version 26.0.
Results
We utilized GEEs to model the proportion of elephants that made the correct choice and
the model showed significant effects of the concentration of the target odor impacting the
elephant’s choice in experiment 1 (GEE:X²=101.558, P=.000) and experiment 2
(GEE:X²=910.313, P=.000). The estimated marginal means of our model show the mean
proportion of elephants that correctly chose the target odor, the standard error, and the
lower/upper bounds of a 95% Wald confidence interval (Table 3). Individual treatment results
Table 3.
Estimated marginal means of experiments 1 and 2.
Experiment 1
Treatment
A
B
C
D
E
F
G
H
I
J

Std.
Mean error
0.77 0.037
0.7
0.03
0.67 0.067
0.77 0.06
0.67
0
0.7
0.03
0.87 0.056
0.67 0.082
0.4 0.037
0.43 0.037

95%
Lower
0.69
0.64
0.53
0.63
0.67
0.64
0.72
0.49
0.33
0.36

Experiment 2
95%
Upper Treatment Mean
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indicate significant choice for the target odor if the upper and lower bounds of the confidence
interval falls completely above or below a random selection, 50% distribution.
Experiment 1
Figure 3
Estimated marginal means and confidence intervals of experiment 1.
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In experiment 1, the different dilutions - treatments A,B,C,D,E,F, and G - fall above the
50% random choice distribution, indicating positive detection of the target odor (Figure 3).
Treatment I falls below this distribution, indicating positive selection against the target odor.
Treatments H and J have estimated marginal means above and below the 50% distribution,
although the extreme ends of the confidence intervals cross 50%. The variability in treatments H
and J was the result of one elephant selecting the incorrect box during each of the two trials.
Overall, in experiment 1, the elephants were able to demonstrate positive selection of the target
odor in treatments ranging from treatment A, 10% target odor~100,000 ppm to treatment G,
0.01% target odor~100 ppm.
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Experiment 2
Figure 4
Estimated marginal means and confidence intervals of experiment 1.
Asian Elephant Experiment 2
Proportion elephants selecting target odor (+ 95% CI)
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In experiment 2 the different dilutions - treatments A,B,C,D,E,F, and G - fall above the
50% distribution, indicating positive selection for the target odor (Figure 4). Treatment I falls
below this distribution, indicating negative selection for the target odor in the complex odor
background. Treatments H and J have estimated marginal means above and below the 50%
distribution, although their confidence intervals could potentially cross 50%. This variability
again comes from one elephant selecting against treatment H. In experiment 2, the elephants
demonstrated the same positive selection for the target odor in treatments ranging from treatment
A, 10% target odor~100,000 ppm, to treatment G, 0.01% target odor~100 ppm.
In a handful of sessions (11/100), the elephants demonstrated a clear side bias by
choosing the same side for all eight replicates of the session. We can conclude this was not due
to a lack of the elephants understanding the task, as they were scoring ≥80% within the first few
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training trials. In these side biased cases, due to potential non-independence of our data, which
could be a result of the elephant making her decision based on where the target odor was
originally placed, these sessions were not scored and were excluded. Biased sessions were rerun
and always resulted in a subsequent unbiased session, that was then included and scored. This is
in line with previous research advising removal of trials when an elephant is potentially
unmotivated (Highfill et al., 2016).
Discussion
In experiment 1, Asian elephants were able to successfully detect and discriminate
dilutions of the target odor down to 0.01% concentration by volume, or 100 ppm. These findings
suggest that Asian elephants have a sensitivity limit to their olfactory capabilities between 10%
and 0.0005% concentration by volume. Positive selection at the 0.01% odor concentration
(Treatment G) extends the lower limit of Asian elephants’ olfactory capabilities further than
previously determined. The introduction of the complex odor in experiment 2 effectively reduced
the ratio of odorants the elephants were receiving from the target odor. The physical volume in
each treatment remained the same, although it was paired with an additional vial of masking
odor. Instead of receiving 100% of an unobstructed treatment cue as in experiment 1, the
elephants were subjected to a complex odor environment that was comprised of 50% of the
treatment and 50% masking odor. To successfully choose the target odor in experiment 2,
elephants were required not only to detect the target odor but to discriminate between an
environment consisting of the target odor and masking odor versus the masking odor alone. The
ability to discriminate between odor environments was foundational to their success in this
experimental paradigm. The complex odor background had no significant impact on the
elephant’s ability to detect and discriminate the target odor. Elephants had remarkably similar
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results in both experiment 1 and experiment 2, with no significant change in detectability
between experiments 1 and 2. Elephants showed the same propensity to detect the target odor in
isolation as they did in a complex odor environment.
Foraging implications
The ability to detect a salient cue among a complex odor environment can be integral to
an animal’s survival. Target nutrients can be hidden among an array of other plant structures or
within an ecological environment containing a variety of species, and be seasonal in their
expression (McNaughton et al., 1988; Kos et al., 2012; Rode et al. 2006). Each bite an herbivore
takes represents a decision about what plant or plant part to eat (Senft et al., 1987). The most
parsimonious model of grazing decisions is that an animal selects a diet by maximizing quality
and quantity of items within reach, as defined by their senses (Senft et al., 1987; Stutz et al.,
2016). The greater the level of sensory evidence, the quicker the animal decides to ingest the
food item or not (Castellano and Cermelli, 2015; Sulikowski, 2017). Enhanced detection down to
0.01% concentration of a target odor could provide elephants with additional olfactory evidence
on which to base their foraging decisions.
Research by Ritchie and Olff (1999) suggests that large-bodied herbivores also make
foraging decisions at large spatial scales. Selectively being able to detect 0.01% concentration of
a target odor can help an herbivore identify important VOCs that are further away (Fall, 1999;
Tigney et al., 1991), and assist in making more efficient foraging ground selections. For an
animal that forages up to seventeen hours a day, lives in ecosystems containing thousands of
different species of plants (Saw et al., 2010), and consumes up to 150 kilograms of vegetation a
day (Vancuylenberg, 1977), enhanced localization can have a multiplicative benefit on an
elephant’s time budget.
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On an annual scale, more effective time budgets could decrease the transition time of
seasonal diet fluctuations and increase fitness. As the ecosystem changes between the wet and
the dry season, elephants need to locate new species of plants in hospitable regions (Sukumar,
1990). On a daily scale, enhanced localization could allow an elephant to determine when to
leave a specific foraging site that no longer contains target nutrients. This extra allowance in time
budget could afford elephants more time to devote towards other needs, such as reproduction.
Human-wildlife conflict implications
Our findings may also be relevant for subsistence farmers that are impacted by living in
close proximity to elephants. Human-wildlife conflict is defined as: “struggles that emerge when
the presence or behavior of wildlife poses actual or perceived, direct and recurring threat to
human interests or needs, leading to disagreements between groups of people and negative
impacts on people and/or wildlife” (IUCN, 2020, p. 1). Expansion of human agriculture
practices, coupled with increased deforestation has resulted in loss of habitat for Asian elephants
(Calabrese et al., 2017) and increase in their proximity to human development (Leimgruber et al.,
2003; Liu et al., 2017). Shared competition for ecological requirements between humans and
elephants results in loss of resources and life on both sides (Santiapillai et al., 2010).
In South Asia, a myriad of techniques is used to keep elephants out of crop fields.
Common strategies include physical barriers, buffer crops, night guarding, and translocations
(Fernando et al., 2008). Physical barriers can take the form of wire fences, ditches, electric
fences, agave fences, barrier crops, and clear cutting (Sitati et al., 2003; Perera, 2009; Shaffer et
al., 2019). These techniques may impede the elephants or visually block the crops, although they
often do not account for the olfactory perception of the elephants. By definition, VOCs are
volatile and will evaporate and diffuse through the air across a pressure gradient (Fall, 1999;
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Tigney et al., 1991). The airborne nature of their dispersal allows them to be carried many
kilometers from their emission source (You et al., 2008), travel in-line with wind velocity (Zahn
et al., 1997) and persist in the air for hours (Penuelas and Llusià, 2001). This method of dispersal
could allow a target odor to be dispersed many kilometers from the plant from which it was
emitted, travel with the wind, and persist for hours before being received by an elephant. This
means that elephants in close proximity to croplands could easily detect a target odor from a long
distance away and before they encounter deterrent methods.
By collecting VOC samples from the harvest crops within, around, and beyond the crop
field, we could determine when an elephant can detect the target crops. If the crops release cis-3Hexenyl acetate, then we could theoretically collect VOC samples next to the crops, 10 meters
away, 50 meters away, and so on. If any of the sampled locations contain cis-3-Hexenyl acetate
at levels above 100 ppm, then we can reasonably infer that the elephants can detect the crops,
even if they cannot directly access or see them. This application is specific to our target odor,
although replication of our study could be run with any VOC released from the target crops.
Based on the results from experiment 2, we could further refine potential olfactory
deterrents for use in and around human habitation in human-elephant conflict areas. Zimmerman
et al. (2009) reported on the burning of chilis in order to create a pungent smell that deters
elephants. Pozo et al. (2019) discuss burning chili and dung briquettes to exclude elephants.
Even used motor oil has been used to create a pungent smell and texture to repel elephants
(Fernando et al., 2008). All of these techniques introduce a noxious smell, although, given our
results from experiment 1 and experiment 2, the elephants may still be able to detect the target
crops, even in a complex odor environment. These existing mitigation techniques may physically
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deter incoming elephants, but it is unlikely, based on our own research, that they mask the
elephant’s olfactory detection of target crops.
If an overwhelmingly pungent or aversive deterrent odor were to be used, then the results
of experiment 1 could support a more effective implementation of management strategies.
Humans can detect odorants between 10,000 and 1,000 ppm (Laska, 2012; Van Gemert, 2003)
and our results show that Asian elephants can detect odorants down to 100 ppm. The pungent
deterrent odor could be diluted to a level lower than 1,000 ppm and greater than 100 ppm and
still be perceived by the elephant, while being undetected by the humans.
Cognitive research implications
Our findings can be additionally applied to future Asian elephant cognitive studies. If we
are investigating how an elephant interacts with a particular cognitive device such as a puzzle
box, fence post, or device of our choosing, we could potentially determine when they could smell
a specific device or food reward by collecting VOC samples. By placing a vial of cis-3-Hexenyl
acetate inside the device and taking subsequent VOC measurements, we could determine not
only if there are leaks in the device but when an elephant would be able to detect a food reward
inside it.
Determining when an elephant could detect a stimulus could support cognitive studies
that rely on capturing video of the elephant interacting with the device. As an example, if we
measure VOCs as above, and find 0.01% concentration of the target chemical 10 meters from the
source, we can deduce that the elephant could smell the device, or food reward from 10 meters
away. This determination could allow us to attribute changes in body state, attention, and
behavior around 10 meters away from the device to the elephant being able to smell it. We may
not be able to model the detectability due to atmospheric pressure, temperature, wind
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speed/direction, and surface area, but we should be able to infer positive detection using
behavioral measures.
Limitations
As noted earlier, the variability in treatment H came from one elephant in one session. If
that elephant had made one more correct choice, then we would have documented positive
selection all the way down to 50 ppm or 0.005% concentration of the target chemical. This
variation highlights the effect of an individual’s choices and behaviors in shaping the pattern we
potentially observe across a population or system. Olfactory sensitivity and discrimination
accuracy can fluctuate within a subject (Phillips and Vallowe, 1975), and the subject could have
had a different baseline sensitivity. Nevertheless, the ability for a single subject’s choice to
reduce the precision of a result is regrettable. While cognitive studies with elephants typically
have a low sample size, this illuminates the need for as much statistical power and as much
replication as possible.
During training and data collection, food rewards were used to reinforce correct choices.
The elephants had access to food and water, and were free to engage with the experiments at
will. This meant that if an elephant did not want to participate, they could leave and still gather
food resources such as hay, produce, and grain elsewhere. Having the elephants engage with the
experiment was not a problem, although holding their motivation was. As noted above, 11/100
sessions had to be performed a second time because the elephants demonstrated a side bias by
choosing the same side for every replicate of that session. This side bias could represent a
profitable strategy for receiving food rewards. The placement of the target odor was
counterbalanced, so if an elephant only chose one side, they would still receive reinforcement,
roughly 50% of the time. While this would be significantly less than the 100% reward rate if they
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chose the target odor correctly, research on object choice tasks in both elephants (Highfill et al.,
2016; Ketchaisri et al., 2019; Smet and Bryne, 2013; Plotnik et al., 2013) and other species
(Kaminski et al., 2005; Nawroth et al., 2014; Povinelli et al., 1997; Tebbich et al. 2007) suggest
that side biasing can be an effective strategy if animals are either bored or unsure of a task. In our
study, we can conclude this was not due to the elephants being unsure of the task, as they were
scoring ≥80% within the first few training trials. If we could have run trials right before the
elephants received their meals, or at the end of the day, we might have been able to see stronger
motivation to choose the target odor and maximize food rewards. These limitations stem from
the difficulty in working in zoological institutions. While the zoo team in Syracuse was
supportive of this project and provided considerable time and other resources to carrying it out,
captive elephant husbandry requirements made it difficult to test the elephants at the most
opportune times.
Conclusion
Our results support the developing literature that Asian elephants possess an olfactory
system that is acute in its ability to detect dilute compounds and precise enough to do so in
complex odor environments (McArthur et al., 2019). Further research regarding the impact of
detectability on elephant behavior could shed light on how olfactory decision-making is
impacted by anthropogenic disturbances, and if detection changes both over time in the physical
environment and within an elephant’s lifetime. The sensory environment that elephants live in is
complex and vastly different from our own. By further exploring their sensory systems, we can
gain a deeper understanding of their perceptual world, their behavior, and how they have evolved
to survive within their environmental niche.
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